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ABSTRACT

Black phosphorus (BP) has drawn extensive attention due to its unique semiconducting properties, but the poor stability of BP greatly limits
its practical device application. In this work, we have fabricated a passivation layer of quasi-monolayer 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane (FATCNQ) on the BP simply by vacuum evaporation and annealing. The desirable air stability and strong interface charge
transfer (ICT) of quasi-monolayer FATCNQ/BP were confirmed with photoemission spectroscopy (PES) characterization. Density functional
theory (DFT) calculations were also applied to further investigate the passivation mechanism, and the results show that the lone pair elec-
trons in BP’s valence band transfer to FATCNQ molecules and were firmly localized due to the strong withdrawing ability of FATCNQ, which
greatly enhanced the energy barrier of electrons transfer to H,O and O, and hindered the further oxidation of phosphorus atoms.
Meanwhile, a nearly Ohmic contact is formed across the FATCNQ/BP interface which may greatly facilitate the carrier transport in BP based

devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0015119

Black phosphorus (BP) has been regarded as one of the most
promising 2D materials and has attracted wide attention because of
the unique and remarkable properties. BP has a thickness-dependent
direct bandgap and a very high carrier mobility of 10> cm® v™' 57",
which combines the advantages of graphene and transition metal
dichalcogenides and makes BP an excellent candidate for the tradi-
tional semiconductor fields." In addition, BP possesses unique aniso-
tropic electrical, optical, mechanical, thermal, acoustical, and magnetic
properties which are not only scientifically important but very likely to
breed innovative devices.”'' With so many distinguished properties
and high surface activity, BP has been demonstrated to be widely
applicable in catalysis, biology, sensing, analysis, and other
fields." """ However, the high reactivity of the BP surface presents a
major obstacle for the application of BP. The oxygen in the atmo-
sphere can bond with surface phosphorus atoms to form a P-O bond
by capturing the lone pair electrons of BP, and the formed phosphorus
oxide can be further lifted off from the surface by the dragging of water
molecules; thus, it leads to corrosion.'”

Both physical encapsulation and chemical passivation for the
protection of BP have been developed theoretically and experimen-
tally. Physically covering with inert two dimensional graphene,'® hex-
agonal boron nitride (h-BN),"* dense metal-oxide coatings,l’"‘18 and
polymers"’ can block the ambient oxygen and water molecules from
interacting with BP and prolong the BP’s lifetime. However, the pro-
cessability and some drawbacks of these approaches cannot be
ignored. Most of chemical passivation approaches adopt a strategy
that consumes the lone pair electrons by chemical reactions and con-
structing an inert outmost passivation layer to block the inner BP
from degradation. This approach basically adopts materials containing
functional groups or elements with higher electron affinity (EA), i.e.,
cluster Ni, Ag", and CL.**** A thick functional layer is always required
for a desirable passivation effect, which may affect the intrinsic proper-
ties of BP or introduce additional contamination from chemical
solvents.

In this article, we report our investigations on preparing a
quasi-monolayer 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
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(FATCNQ) passivation layer for black phosphorus, which can signifi-
cantly improve the air stability of BP. Combining photoemission spec-
troscopy (PES) and density functional theory (DFT) calculations, we
investigated the interface electronic structures, charge transfer, and
molecular adsorption of FATCNQ/BP, and revealed the mechanism
of desorption behavior and quasi-monolayer effectively passivation of
FATCNQ. Furthermore, such a quasi-monolayer protection layer is of
significant value to the BP application since the very small thickness
will not introduce much negative influence on the device performance.

As the electronic structure determined the chemical and physical
activity of the materials, we first studied the influence of the FATCNQ
layer on BP electronic structures with ultra-violet photoemission spec-
trum (UPS) and x-ray photoemission spectrum (XPS) examination.
The UPS demonstrates a significant charge transfer (CT) from BP to
FATCNQ molecules, as shown in Fig. 1. The evolutions of work func-
tion (WF) and Fermi level region as the deposition of FATCNQ on BP
are demonstrated in Figs. 1(a) and 1(b), respectively. Here, we replaced
the usual mass thickness with the deposition time because the
FATCNQ molecules’ desorption behavior on BP leads to the actual
thickness deviating obviously from the thickness quartz crystal micro-
balance (QCM) monitored, which will be discussed later.

The WF, VBM, and sharp LEED pattern [inset of Fig. 1(b)] of
cleaved BP are in accordance with previous studies.”””* The WF
abruptly increased 0.63 eV at initial 3 min deposition and eventually
stabilized at 5.52 eV after 96 min deposition. In Fig. 1(b), the VB peak
height of pristine BP is much higher than VB-1 peak height. After
3 min deposition of FATCNQ, the VB peak decreased significantly and
is much lower than VB-1, indicating the electrons in VB have trans-
ferred to the FATCNQ side. The 0.17 eV shift of VBM toward the
Fermi level indicates the p-type doping effect on BP, which runs paral-
lel to the VB decrease. With further deposition, the VB of BP gradually
disappeared while there was still a weak VB-1 state at 2.08 eV (green
dashed line), almost aligning with the HOMO-onset of FATCNQ. The
interface energy level alignment of FATCNQ/BP is drawn in Fig. 1(c).
Considering the 3.1eV bandgap of FATCNQ, the electron affinity
(EA) of FATCNQ is 4.57 €V from the UPS spectra, which is even
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FIG. 1. The secondary electron cutoff edges (a) and HOMO (valence band) regions
(b) evolution of pristine BP (black) and FATCNQ on BP (orange) with various depo-
sition times in the PES spectra; the inset of (b) is the low-energy electron diffraction
(LEED) pattern of freshly cleaved BP. (c) The corresponding energy level alignment
for the FATCNQ/BP interface with the illustrative CT and charge accumulation. All
the peaks have been normalized to the same height for clarity.
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higher than the ionization potential (IP) of BP and facilitates the elec-
trons transfer from BP’s VB to the FATCNQ molecule. This interface
charge transfer (ICT) leads to the rapid disappearance of VB at very
small amount of FATCNQ deposition. The space charge layer is
formed at the interface with electron accumulating at FATCNQ side
and holes at BP side. The band alignment demonstrates a nearly
Ohmic contact, which is ideal for related semiconductor devices.””*
In addition, DFT calculations show that ICT from BP to FATCNQ
molecule can dramatically enhance the p-type conductance of BP and
further improve the performance of BP-based devices.”’

To identify the detailed electron redistribution across the interfa-
cial region and the chemical environment changes of each atom, we
measured the core levels of P, N, and F elements with XPS. As shown
in Fig. 2(a), the P 2p3/, and P 2p,, peaks from intrinsic BP are located
at 130.04eV and 130.85eV (P’, blue peaks). The spin—orbit splitting
separation between P 2ps,, and P 2py, is 0.81 eV, consistent with pre-
vious reports.”"***” With 3 min deposition of FATCNQ, a new com-
ponent P* appeared at 129.73eV (red peak), which originates the
positive-charged interfacial BP layer. The lower binding energy of the
interface component P+ is consistent with the p-type doping effect on
BP in the UPS examination. Due to the ICT from BP to FATCNQ, a
hole accumulation layer is formed on BP side, and thus p-type doping
effect and a new P+ component are shown in UPS and XPS, respec-
tively. With further deposition, intrinsic BP is gradually covered by the
positive-charged BP layer and FATCNQ film, and the P* peak takes
up more proportion due to the limitation of photoemission detection
depth. The N 1s spectra showed a similar evolution [Fig. 2(b)]; there
are three components N~ (397.67eV), N® (399.18¢eV), and N°
(401.75eV) in N 1s spectra after initial 3 min deposition of FATCNQ,
which can be assigned to negative-charged FATCNQ molecules, elec-
troneutral FATCNQ molecules at interface, and the shakeup processes,
respectively.””* Further deposition results in a continuous increase in
N° and N® components’ intensity and gradual decrease in the N~
peak. There are two components in the F 1s peak located at 686.91 eV
(F, yellow peak) and 687.64 eV (F°, violet peak),”” ** which derive
from negative-charged and electroneutral FATCNQ molecules, respec-
tively. These evolutions of P 2p, N 1s, and F 1s core levels are in step
with each other. The ICT caused by FATCNQ molecules has an

(@) P2p
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FIG. 2. The core levels evolution of (a) P 2p, (b) N 1s, and (c) F 1s as a function of
FATCNQ film deposition time on BP. All the peaks have been normalized to the
same height for clarity.
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obvious modulation effect on the Fermi level, resulting in a p-type
doping effect on BP.

In order to get the quantitative charge redistribution across the
interface between FATCNQ and BP, DFT calculations were performed.
Figures 3(a) and 3(b) show the optimized adsorption configuration of
the FATCNQ molecule on BP, which has lower adsorption energy and
layer height than other adsorption configurations (Table SI and Fig.
S1). The charge distribution shows that the CT from BP to 1 ML
FATCNQ molecules [Fig. 3(c)] is 0.91 e, indicating that the FATCNQ
molecules have high electron withdrawing ability. The yellow region
and cyan region denote the charge accumulation and charge depletion.
The total CT of few layer FATCNQ on BP (Fig. S2) is almost same
with that of monolayer-FATCNQ/BP. For bilayer FATCNQ on BP,
0.70 e of the total 0.90 e from BP locates in the bottom layer FATCNQ
molecules and only 0.20 e transfers to the top layer. For trilayer-
FATCNQ/BP system, 0.73 e of the total 0.86 e locates in the bottom
layer FATCNQ, only 0.04 e and 0.09 e transfers to middle layer
FATCNQ and top layer FATCNQ, respectively. In the above three sys-
tems, the transferred electrons from BP are mainly localized at the bot-
tom layer FATCNQ molecules, indicating that the bottom layer has
more stable adsorption and a stronger drawback ability for the lone
pair electrons in BP. The insignificant CT in upper layer FATCNQ,
specifically for the 3 ML system, shows a much weaker interaction
with BP, which is a hint of the desorption of the FATCNQ film.

As aforementioned, we noticed the mass thickness read from the
QCM monitor deviated from the thickness estimated by the XPS
intensity. During the step by step film deposition and XPS measure-
ment, we found the core level peak intensity of the FATCNQ film with

(d) N1s

!
A=0.25eV
A

Y.

Intensity (a.u.)

Oh

404 402 400 398 396

692 690 688 686
Binding Energy (eV)

136 134 132 130 128

FIG. 3. The adsorption configuration [(a) and (b)] and charge density difference (c)
of monolayer FATCNQ molecules on BP. The yellow and cyan volumes in (c) repre-
sent electron accumulation and depletion, respectively. The intensity evolution of
(d) N 1s, (e) F 1s, and (f) P 2p for 10 nm FATCNQ on BP as a function of desorp-
tion time.
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QCM thickness of 9.6 nm is only 10°, which is about an order of mag-
nitude less than usual spectra intensity of other organic films. To find
out if there is desorption of the upper layer FATCNQ molecules, we
prepared a 10 nm FATCNQ film on BP with a deposition rate of 1 nm/
min, which is much more rapid than usual deposition rate of 0.1 nm/
min, and examined the peak intensities of core levels (P 2p, N 1s, and
F 1s) after 0 h, 15 h, 30 h, and 45 h, as shown in Figs. 3(d)-3(f). As
shown in Figs. 3(d) and 3(e), the intensities of N 1s and F 1s peaks
from FATCNQ decreased greatly, while the BP’s P 2p peak intensity
increases significantly in the initial 15h, reflecting the fast desorption
of the upper layer FATCNQ molecules. It can be seen from the inten-
sity evolutions P 2p, N 1s, and F 1s peaks that the desorption behavior
is significant in the first 15h. After 30 h, all the three peaks of P 2p, F
1s, and N 1s show negligible change, manifesting that the desorption is
much slower or even ceased. After 45h desorption, the positions of F
Is and N 1s peaks shift 0.25eV and 0.55eV to low binding energy
side, which approach to the corresponding negative-charged interface
components in Fig. 2. These changes can be ascribed to that the
desorption behavior of upper layer FATCNQ and the residual signals
after 45h mainly come from the interfacial FATCNQ molecules, indi-
cating that the interfacial molecules cannot desorb from the BP. The
similar desorption behaviors of FATCNQ have also been reported in
previous studies; meanwhile, FATCNQ molecules have conspicuous
diffusivity on organic films even at room temperature, which is related
to the organic film structure and intermolecular interaction.”

The AFM characterization was performed to clarify the thickness
of the stably adsorbed FATCNQ film. No apparent terraces were
found, and the surface showed a typical amorphous morphology. We
also performed LEED investigations and found no pattern, which is
consistent with the amorphous morphology image of AFM (Fig. S3).
It can be deduced from the absence of terraces that the residual
FATCNQ film might be an amorphous quasi-monolayer one after suf-
ficient desorption in the vacuum. We also estimated the thickness of
the stably adsorbed film with the photoelectrons intensity and found a
film thickness close to monolayer. More specifically, the photoelec-
trons intensity I (d) for a uniform FATCNQ film with thickness of
d nm can be expressed by the following equation:

I(d) = I.[1 — exp(—d//sin0)]sin0, (1)

where I, are the photoelectrons’ intensity for the film which is thicker
than detection depth; 4 and 0 are mean free path and emission angle
of the photoelectrons, respectively. The emission angle 6 is 90° in our
measurement, and the A can be estimated by the universal curve for
the electron inelastic mean free path.38 Thus, it can be calculated that
the value of d, is 0.57 nm, which is close to the thickness of quasi-
monolayer FATCNQ. The 0.57 nm thickness calculation runs parallel
with the inference that only the interfacial layer is left for the stable
adsorption configuration.

To further understand this desorption behavior of FATCNQ, we
calculated the dissociation energy (E;) of each single layer of FATCNQ
from the first to third layer. The E; of interfacial FATCNQ molecule on
BP is 1.83 eV, while that of the second layer for the bilayer FATCNQ
system is 1.45 eV. The higher E; of the interfacial layer indicates a more
stable adsorption configuration, which agrees with the XPS results in
Fig. 3. For the trilayer FATCNQ on BP, the E; of the upmost layer is
about 0.87¢eV and even lower than that of bulk FATCNQ molecules
(1.19€eV). The dramatically decreasing E; indicates an unstable
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adsorption configuration of the upper layer FATCNQ molecule, which
is the key factor of desorption behavior. The desorption of FATCNQ
can be attributed to the CT from BP to FATCNQ. Apparently, the
charge distribution in FATCNQ molecule is uneven, and the F atoms
and cyan groups are negatively charged, while the aromatic ring is posi-
tively charged due to the difference of electrophilic ability [Fig. S7(a)].
The electrostatic attraction between the oppositely charged groups
forms the main contribution of the intermolecular m-m interaction,
resulting in a stable offset adsorption configuration. The original intra-
molecular charge distribution of FATCNQ is broken when the FATCNQ
molecules are totally negatively charged, as shown in Fig. S7. Therefore,
the electrostatic -7 interaction will be significantly weaken, further
leading to the decrease in E; and desorption of FATCNQ. As the E; of
the monolayer and bilayer FATCNQ with BP is as high as 1.83 eV and
1.45 eV respectively, the desorption will be greatly depressed when there
is only 1 or 2 layers left. Thereby, this desorption behavior provides us
an efficient method to prepare a quasi-monolayer FATCNQ passivation
layer on BP. To obtain a stable adsorption configuration of quasi-
monolayer FATCNQ, we simply evaporated a thick film of FATCNQ to
BP and then annealed it at 90 °C for 2 h.

Although the thus-prepared passivation layer has only small
amount of FATCNQ molecules adhered to the BP surface, a remarkable
anti-degradation effect was observed in the following exposure test.
Because of the surface sensitivity and analytical nature, XPS is particu-
larly suitable for investigating degradation induced by ambient fac-
tors.”* " Quasi-monolayer FATCNQ/BP as well as cleaved bare BP
was exposed to environmental atmosphere, and their anti-degradation
effect was checked with XPS, as illustrated in Figures 4(a)-4(c). The
bare BP is highly sensitive to the air environment, and a visible phos-
phorus oxide component appears at 134.5 eV with only 3 h of air expo-
sure. With the increase in exposure time, the phosphorus oxide
component intensity is greatly enhanced and the intrinsic P 2p compo-
nent shows a slight shift of 0.17 eV with the formation of phosphorus
oxides, which can be attributed to the CT from BP to O, molecules. In
contrast, the P 2p peak of quasi-monolayer-FATCNQ/BP does not show
any shift or any new components even with up to 3 days air exposure

(a) Ibare BP (b) FATCNQ/BP

£=0.17 &V |
|
- PO : Jw | 100%

90%

(C) —a— bare BP
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FIG. 4. The anti-degradation effect of air exposure on BP and BP passivated with
quasi-monolayer FATCNQ molecules. The evolution of P 2p core level XPS spectra
of (a) bare BP and (b) BP covered with quasi-monolayer FATCNQ as a function of
air exposure levels. All the peaks have been normalized to same intensity for clarity.
(c) The degradation evolutions of bare BP (black curve) and quasi-monolayer-
FATCNQ/BP (red curve).
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(50% humidity), which implies remarkable stability of quasi-monolayer
FATCNQ/BP. Figure 4(c) quantitatively illustrates the proportion of the
pristine BP component in bare BP and quasi-monolayer-FATCNQ cov-
ered BP with increase in air exposure time. As we can see, the degrada-
tion of bare BP is very rapid, and more than 20% pristine BP has been
oxidized to the phosphorus oxides within 1 week. However, the quasi-
monolayer-F4ATCNQ/BP shows outstanding stability and can keep pris-
tine for several days. 95% of BP was well protected from degradation
even after 2 weeks exposure, which is much better than the 78% of bare
BP. AFM measurements also confirm the passivation effect of
FATCNQ, as shown in Fig. S4. After 24h ambient exposure, many
oxidized bubbles appeared on the originally smooth BP surface. In con-
trast, the surface morphology of FATCNQ-covered BP showed no
observable change after exposure. Both the XPS and AFM manifest that
the FATCNQ indeed markedly improved the stability of BP in ambient.

In order to further understand the anti-degradation mechanism of
FATCNQ on BP, charge density differences of systems that O, + H,O
cluster adsorbed on BP covered with/without FATCNQ molecules were
performed. For the bare BP system, there is significant CT (0.28 ) from
BP to O, through H,O, which induces the formation of O, anions and
lower reaction energy barrier of oxidation. The formed P-O bond is
pulled by H,O with the hydrogen bonding, leading to further degrada-
tion of BP."” In contrast, for 1 ML and 2 ML FATCNQ covered BP, the
charge accumulation region is firmly localized at the FATCNQ layer and
few electrons transfer to O, + H,O cluster. The FATCNQ molecule
shows stronger electron withdrawing ability than O, + H,O cluster
(Fig. 5), which greatly suppresses the reaction between oxygen molecules
and phosphorus atoms. In addition, FATCNQ has been used as a passiv-
ation layer of perovskite because it has desirable hydrophobicity that
may keep the underlying surface from corrosion caused by mois-
ture."”"" Our hydrophobicity examination with XPS also shows that
F4TCNQ can provide BP with desirable hydrophobicity in a moisture
environment (Figs. S5 and S6), which should play a role in the passiv-
ation of BP. These results demonstrate that quasi-monolayer FATCNQ
can reduce CT to oxygen and partly insulate water molecules, which are
the crucial factors for long term stability of the underneath BP.

In summary, we have presented an efficient way to prepare a
quasi-monolayer FATCNQ protection film for BP by vacuum

(a) (b) © o e
S oo =000 00-0—00200=0000d
H,O 0O, ( DO—0500—00000—000 <
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000000000
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FIG. 5. The adsorption configurations [(a)—(c)] and charge density differences
[(d)-()] of O2 + H,O cluster on bare BP, 1 ML FATCNQ/BP, and 2 ML FATCNQ/
BP, respectively. The yellow and cyan volumes represent electron accumulation
and depletion.
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evaporating and annealing, and have also revealed the passivation
effect and mechanism with PES measurements and DFT calculations.
These results showed that FATCNQ can strongly withdraw and local-
ize the electrons from the BP’s VBM to effectively passivate the chemi-
cal activity of BP, achieving up to 2 weeks stability of BP in the air
exposure test. Meanwhile, we also found the obvious desorption
behavior of FATCNQ on BP, which actually facilitates the preparation
of a quasi-monolayer FATCNQ film. In addition, the heterojunction is
as thin as only quasi-monolayer and has a nearly Ohmic contact at the
interface, which is of great value for the applications of BP based
devices.

See the supplementary material for the additional DFT calcula-
tions results and the methods of experiments and DFT calculations.
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